ABSTRACT
NOMENCLATURE
A L cross sectional area of driven (small) piston A P cross sectional area of drive (large) piston A r cross sectional area of the Terfenol-D rod l a length of the Terfenol-D rod β fluid's bulk modulus β e f f effective volumetric modulus of fluid and fluid chamber * Address all correspondence to this author. c p viscous damping coefficient for the larger piston seal C o effective volumetric stiffness coefficient of the various fluid chamber components F a blocked force produced by the Terfenol-D rod I current in the drive coil k disk stiffness of the disk spring k pre stiffness of the preload wave spring k s stiffness of the support structure M L effective mass of driven piston M p effective mass of drive piston M s effective mass of support V re f volume of hydraulic fluid σ 0 LuGre bristle stiffness for the smaller piston seal σ 1 LuGre bristle damping for the smaller piston seal σ 2 LuGre viscous damping for the smaller piston seal
INTRODUCTION
An automotive engine mount is used to isolate engine vibrations from the passenger compartment and prevent excessive engine bounce from shock excitations. Due to the inability of passive hydro-mounts to effectively operate in environments including increasingly powerful engines, cylinder deactivation technologies and lighter vehicle frames, considerable emphasis is being placed on investigating designs and methods to develop effective active mounts. An active mount consists of a passive hydro-mount combined with an actuator which modulates the pressure of the fluid inside the mount so as to reduce its force transmissibility. Thus the performance of an active mount is largely dependent on the performance of the actuator. Lee et al. [1] developed an electromagnetic actuator with a bandwidth of 75 Hz. Gennesseaux [2] discusses a variable reluctance linear electric motor with in-built close loop control to address actuator nonlinearities. Matsuoka et al. [3] developed an active control engine mount to isolate the vibrations of a 3-liter V6 cylinder-ondemand engine when operated in the 3 cylinder mode with low rpm. Most of these actuators have a frequency bandwidth of operation restricted to below 80 Hz. To achieve broader frequency bandwidth, actuators using smart material drivers are being investigated.
Most smart materials capable of broadband response have a limited stroke, hence their utilization in active mounts requires a stroke amplification mechanism. Hydraulic amplification is particularly attractive as a means to achieve large mechanical gains and low compliance in a restricted space. Ushijima and Kumakawa [4] developed a piezo-hydraulic actuator with a stroke of 70 µm. Shibayama et al. [5] developed a hydraulically-amplified piezo actuator having a stroke of 0.3 mm. Yoon et al. [6] achieved an unloaded stroke of 1.3 mm with a blocked force of 6.5 N. Chakrabarti and Dapino [7] designed a hydraulically-amplified Terfenol-D actuator capable of 2 mm stroke up to 200 Hz and a blocked force of 50 N (pk-pk). The actuator was benchmarked against a commercial electromagnetic mount actuator. Results show that the magneto-hydraulic actuator is capable of a larger frequency bandwidth of operation while consuming lower power than the commercial actuator. An order analysis shows that the magnetostrictive actuator exhibits a higher degree of linearity in the displacement response than the commercial device, which has strong second-order spectral components. Finally, the paper presented a lumped parameter model for the magnetostrictive actuator. The model includes a linear force-current relationship for the Terfenol-D rod combined with a 2-DOF mechanical model with friction at the o-ring seals being modeled as a simple combination of Coloumb and viscous friction. This paper presents a more accurate model for the device which can describe its time domain responses over a wide range of frequencies. Such fundamental and accurate modeling is necessary to successfully control the device. An efficient device model could be used not only to suppress the first order engine vibration but also to actively isolate the higher harmonics. To increase the accuracy of the model, the linear force current relationship is replaced with a nonlinear description of magnetization as a function of magnetic field and bias stress based on the JilesAtherton model. The model is coupled with Maxwell's equations in order to quantify the radial dependence of magnetization and Figure 1 shows the overall approach of the model. The radial dependence of field inside the Terfenol-D rod is established by solving the diffusion equation in a manner similar to that in [8] . The principal difference is that in [8] an average effective field is obtained by doing a weighted sum of the field at different radii while in the current work H(r,t) is fed into the Jiles Atherton model to calculate the magnetization (M(r,t)) and subsequently magnetostriction (λ(r,t)). Averaging is then done at this stage to find an average magnetostriction (λ avg ). The dynamic strain of the driver depends on the external loading and thus the magnetization model is coupled with the structural dynamics to obtain the dynamic strain and the output actuator force and displacement.
MODEL STRUCTURE

MAGNETIC FIELD DIFFUSION
Magnetostrictive materials deform when exposed to magnetic fields and change their magnetization state when stressed. These responses are nonlinear, hysteretic and have inherent dynamics. Dynamic losses due to eddy currents can be described by Maxwell's equations.
The spatial variation of magnetic field can be obtained by combining (1) and (2) into a single equation and making the assumption that B is a function of H alone. This implies that the stress dependence of induction is ignored, giving
The left hand side of (3) can be simplified to give
For a cylindrical geometry the magnetic diffusion equation takes the form
The boundary condition at the surface of the rod for a harmonically applied field is H(R,t) = H 0 e iωt . We assume the solution to be of the form H 0h (r)e iωt whereh(r) is a complex function of the radius r. Equation (5) then reduces to
Assuming the permeability to be constant over the range of applied fields, the solution to (6) has been derived in [9] and can be written as,h
where It is observed that C 2 = 0 since the field at r=0 is finite and h 2 (r) is undefined at r=0. With the definition q(r) = ( √ iσµω) r, h 1 (r) = I 0 (q(r)) where I 0 is the modified Bessel function of order zero. The constant C 1 is obtained by using the boundary condition at the surface of the rod,h(r = R) = 1. Finally, Figure 2 shows the radial dependence of magnetic field inside the rod at 500 Hz for µ = 5µ 0 and 1/σ = 58e − 8 Ωm. The field at the center of the rod lags behind the field at the periphery of the rod along with a slight decrease in magnitude.
JILES-ATHERTON EQUATIONS
The Jiles-Atherton model is used to describe the magnetization state of the material as a function of the applied field. The basic governing equations of the model will be described here. For a detailed derivation of the equations the reader is pointed to [10] . The total magnetization at any instant of time can be written as a combination of the anhysteretic and irreversible magnetization,
The anhysteretic magnetization is given by the Langevin function as
where H e is an effective field given by
where σ bias is the applied bias stress on the rod. The derivative of the total magnetization with respect to the applied field can be written as
where
The derivative of the irreversible and the anhysteretic magnetization with respect to the effective field is
Recognizing that the field is radially dependent, combination of expressions (13)-(16) yields a single expression for the variation of M(r,t) with respect to H(r,t),
which can be expressed as
Magnetostriction is modeled as a single valued function of magnetization through the relation Figure 3 . λ avg at different frequencies. An average magnetostriction can then be obtained by doing a weighted sum over the cross-section of the rod,
where r i are the discrete radii at which the magnetostriction is evaluated and N(r i ) are the weights which are proportional to r i . Figure 3 shows how the average magnetostriction decreases and becomes delayed with increasing frequency.
MECHANICAL MODEL
A mechanical model for the actuator is shown in Figure 4 . The pressure variation in the fluid can be linearized for small 
Combination of (21) and (22) gives
Parameter β e f f is an effective modulus which quantifies the compliance of the fluid and different fluid chamber components including the o-rings, pistons and the casing. The fundamental deformation equation which must be satisfied by the rod at all times is
where σ c is the compressive stress on the rod. The force produced by the rod is given by the stress on the rod multiplied by its cross-sectional area, The equations of motion for the two pistons and the support structure are
Here, f r L and f r p are the friction forces at the small and large piston. Friction at the smaller piston seal has a significant impact on the dynamic response of the actuator since actuation forces are low and velocities are high at this end. For this reason, it is essential to model the friction dynamics at the smaller piston accurately. The LuGre model for lubricated contacts [11] is used to model the frictional force based on the bristle interpretation of friction. The LuGre model equations are given by
Here, z is the bristle deflection state, F s and F c are the static and Coloumb frictional forces, σ 2 is the viscous damping coefficient and v s is the Stribeck velocity.
RESULTS
The actuator has been tested in mechanically-blocked and mechanically-free condition up to 500 Hz. In the free condition the Terfenol-D strain and the output pushrod displacement are measured with a strain gage and laser displacement sensor, respectively. In blocked condition (no displacement of the output pushrod) the blocked output force is measured with a load cell along with the Terfenol-D strain.
Quasi-static behavior
In most dynamic systems the quasi-static behavior is the easiest to model as all dynamic effects are negligible. This is not the case in systems with friction. At very low velocities (≈ 0.001 m/s), Stribeck effect occurs in which the friction force decreases rapidly with a slight increase in sliding velocity. In addition, increased static friction gives rise to stick-slip behavior at near-zero velocities. The LuGre model is capable of describing both these effects as shown in Figure 5 . The wiggles in the displacement occur due to stick-slip. The two nearly flattened ends at the top and bottom are due to static friction which prevents sliding of the pushrod. There is a small slope at the two ends due to pre-sliding displacement which is also described by the model. Note that in the data the stick-slip behavior dampens out gradually. Such behavior has been observed previously and can be modeled by making some modifications to the LuGre model [12] . Figure 6 shows a comparison of measurements and model results for the strain versus field and output displacement versus field loops. The model does particularly well in describing the shape of the strain at low frequencies. However, as frequency increases the strain-field loop is increasingly more hysteretic than the data. Partly, this could be because we model the average dynamic strain in the rod but measure the surface strain where the effects of diffusion would be absent. This could also be due to the inherent assumptions in the material constitutive model which neglects the effect of stress on the magnetization of the magnetostrictive material. The diffusion model was constructed on the assumption of constant permeability and stress-independent induction which adds to the inaccuracy. Figure 7 shows a comparison of measurements and model calculations for strain versus field and force versus field loops in the mechanically-blocked condition. Here, the output pushrod is restricted from moving and hence friction dynamics at the output pushrod are absent. Therefore, any inaccuracy in the model must be attributed to the material constitutive model or unmodeled fluid and structural dynamics. Similar to the free displacement case, the model does well in predicting the low-frequency response. At the higher actuation frequencies there is some error in the modeled strain-field loop curves. A possible reason for this could be the dynamics in the fluid and the fluid chamber components such as the casing and the large piston. Also the variation in stress on the Terfenol-D rod would be significantly higher in the blocked condition than when operated under no load conditions. Thus neglecting the effects of stress on magnetization would have a larger impact here.
Free displacement
Blocked force
Order analysis
Predicting the harmonics (orders) of the actuator output is of particular importance for a mount driver. It is desirable to have an actuator which has a high first-order component and significantly lower higher harmonics. In general, electrodynamic actuators have nonlinearities and extra measures need to be taken either in the mechanical or signal domain to dampen the higher modes. Matsuoka et al. [3] describe the use of an orifice plate and modification of the input current signal as possible ways to attenuate the higher harmonics. However, if a model is able to capture the harmonic content of the device, it can be used to drive the actuator in a way so as to suppress the higher orders of engine vibration. The model presented here accurately describes the harmonics for the free displacement but it underestimates the blocked-force second-order component in almost all cases.
CONCLUDING REMARKS
A nonlinear model is presented to capture the dynamic response of a displacement-amplified magnetostrictive actuator. Eddy current losses are modeled using Maxwell's equations. This gives rise to a radially-dependent field inside the magnetostrictive rod. The Jiles-Atherton model is used to compute the magnetization of the rod as a function of the radially dependent field. Magnetostriction, calculated as a single valued funtion of the magnetization, is averaged over the cross section of the rod to obtain an effective magnetostriction. It is observed that this average magnetostriction gets smaller in magnitude and increasingly lags behind the surface magnetostriction with an increase in the actuation frequency. The magnetic model was combined with the mechanical model describing the system vibrations. The LuGre friction model was used to describe the frictional force at the output pushrod seal. It is observed that the LuGre model can describe the low velocity behavior of the device. The complete model predicts the displacement-field and force-field loops accurately up to 400 Hz. The non-linearities in the response are also described with sufficient accuracy in terms of the higher order components. However, the model underestimates the secondorder blocked-force component in all cases. At higher frequencies there are some inaccuracies in the strain-field loops due to the limitations of the constitutive model, friction model and unmodeled structural and fluid dynamics in the actuator.
